A cam-driven mechanical system applied for pin assembly of connectors of electrical devices is studied in this paper. Three cooperative cams are involved in the tasks of approaching, cutting, insertion, and restoring. In order to meet the demanded productivity growth, the operation speed tends to be elevated. However, high running speeds usually cause deficiencies of pin dropping and inaccurate positioning. Diagnosis is therefore conducted to explore their physical reasons so that modification of future mechanical design can be made. Frequency responses of experimental measurements show greater natural frequency and system stiffness caused by nonlinear dynamics for higher operation speed. It also appears that the clamping force is reduced and drift of the locked pin's location is induced for higher running speed. In addition, separation of the fixture system induced by contact oscillation generates clearance larger than the thickness of the pin. Based on the mathematical models obtained from the technique of system identification, deeper insight of the mechanical system and future system improvement can be highly expected.
Introduction
The cam is a mechanical transmission device that can easily convert its rotational motion to linear movement at the follower by direct contact. Many motion specifications at the follower including constant speed, varying speed, discontinuous motion, and swing movement can be achieved by different cam profile curves. Although some drawbacks such as being easy to wear and easy to generate noises exist, the cam is still widely applied to lots of mechanical systems in our daily life, for example, internal combustion engines, printing machines, machining centers, and mills, due to less space demand, straightforward mechanical structure, and simpler design process.
The cam has entered into the human's life for more than one hundred years. Researches on the cam system can be divided into two major categories, the kinematic characteristics analysis and the dynamic characteristics analysis [1] . The kinematic characteristics analysis focuses on geometry of the cam profile. Design of the cam profile usually requires smooth acceleration variation to avoid jump and bounce of mechanical components. Basically, less maximum acceleration reduces inertia force and smaller maximum velocity brings about smooth and quiet running operation. All design criteria become even more important for higher operation speed. How to judge all possible requirements to obtain a better cam profile keeps attracting attentions of researchers [2] .
Chew et al. [3] proposed an optimization approach to tune parameters of the cam system, such as acceleration, contact stress, spring force, and pressure angle, for highspeed dwell-rise-dwell type cam systems. Young and Shoup [4] then tried to reduce vibration of mechanical components from a point of view of sensitivity analysis. A computer-aided analysis system was also established to design cam profiles with finite harmonic frequency so that resonance can be avoided by having harmonic frequencies less than the natural frequency of mechanical structure [5] .
The dynamic cam characteristics analysis began in the 1950s. With the assistance of rising technology of digital computation, analysis and verification of dynamic characteristics computer simulations became possible. Matthew and Tesar [6, 7] applied a single degree-of-freedom mass-springdamper system to model a cam system and characterized dimensionless indexes for different speed. The concept of the primary and residual spectra was also raised to explore dynamic behavior of different cam profiles [1, [8] [9] [10] . Pisano and Freudenstein [11] developed a hybrid parametric model to simulate and investigate the dynamic response of a highspeed cam-follower system in gasoline engines. It was also suggested that the lowest natural frequency of the cam mechanism should be greater than the highest frequency in acceleration spectrum of the follower to prevent the system from resonance [12] . In order to maximize profit of products, how to reduce production cost and how to increase production efficiency are two major approaches pursued by business companies. Apparently, increasing the operation speed of machinery is the most direct and efficient approach to meet the demanded productivity growth. However, increase of the working speed can bring about unexpected high-frequency dynamics, which may even cause operational failure and system malfunction. When a mechanical system runs with a high speed, deformation and vibration of components, induced by large inertia force and acceleration, become significant and cannot be easily neglected.
A cam-driven mechanical system was developed by Hon Hai Precision Industry Co., Ltd., the largest company to produce connectors, for pin assembly operation. In order to make computer-based equipment or apparatus work properly, electrical signals need to be transmitted through all kinds of connectors among peripheral devices and the computers as well as inside the computers. This pin assembly system is designed for inserting pins into the connectors. The whole process of the cam-driven pin assembly system consists of four phases: approaching, cutting, inserting, and restoring, which are driven by three cams.
The cam-driven mechanical system accomplishes the mission of pin assembly successfully with its normal speed. For the purpose of production efficiency, the operational speed of the cam-driven pin assembly system was demanded to be as high as possible. Nevertheless, when the system operates with high running speed, insertion failure is usually caused by deficiencies of pin dropping and inaccurate positioning, which brings about breakdown and bend of pins. In order to identify the actual reasons and physics behind the assembly failure, diagnosis based on displacement and force analysis as well as frequency analysis using modern measurement devices will be conducted. According to the diagnosis results, guidelines to prevent pin dropping and pin bending will be concluded and improvement on mechanical design and assembly process for future pin assembly systems can therefore be highly expected.
The Cam-Driven Mechanical System
The cam-driven mechanical system consists of B, C, and D cam subsystems controlled by AC motors. The C subsystem is in charge of the motion of insertion. The tasks of cutting and holding are conducted by a pair of cooperative cam systems, including both the B and D subsystems. Since the focus of this paper is on the dynamic behavior of the holding stage, the C cam subsystem will be excluded in the analysis. Figure 1 shows the structure of the cam-driven mechanical system. The structures of the B and D cam subsystems are not exactly the same. The guide ball at the end of the lever D is smaller than the width of its corresponding U-type guide. In addition, the U-type guide is pulled by a pretensed spring. All these designs can release the impact force caused by contact between fixtures B and D and provide a clamping force so that the fixture D always closely contacts with the cutter once they meet each other. Displacement profiles for The whole handling process is illustrated in Figure 3 and can be described by the following four stages:
(1) At the beginning, both fixtures B and D locate at the right-most and left-most end positions, respectively. The fixture D starts moving toward the cutter.
(2) The fixture D meets the cutter at one half of its total procession, which is about 2 mm. Then, the fixture is separated from the lever D and firmly contacts with the cutter by the spring. Because the cutter is in the fixture's way, the fixture D therefore cannot move further and stays at its contact position. Nevertheless, the lever D keeps moving to the right due to clearance between the U-type guide and the guide ball. As a result, the behavior of the fixture D has nothing to do It appears that the cam-driven fixture system works properly for nominal operating speed. However, when the production efficiency tends to be improved by increasing the speed, insertion failure due to pin dropping and pin bending occurs. Diagnosis is therefore pursued to clarify the physical reasons for these outcomes. Some solutions that tackle these problems will also be expected to be raised for improvement of future mechanical design.
Displacement and Force Analysis
In order to acquire system responses to identify actual behavior of the pin assembly system, the experimental layout was established as shown in Figure 4 . An accelerator in cooperation with an HP 3563A control system analyzer measures the dynamic characteristics of the mechanical system in terms of frequency responses. A linear scale accurately detects displacement information of both fixtures B and D. To justify the magnitude of the clamping force exerted by the fixture on the pin, a load cell was also installed. A decoder interface card resolves the rotation angle of the cams.
Experiments were conducted with different operation speeds. Two chosen conditions, 120 rpm and 240 rpm, are presented in this paper. The displacements of both fixtures B and D and the clamping forces experienced by the fixture system were measured and are displayed in Figures 5 and 6 , respectively. It should be mentioned here that these curves shown in the figures are raw data and the time references for all plots do not correspond to one another.
In Figure 5 , a little cutback is found in the displacement of the fixture B before it retracts to its original position. At that instant, the fixture B collides with the fixture D and is pushed backwards a little. It appears that the fixture D meets the cutter approximately at the distance of 2.4 mm. Besides, two dwell periods are observed in the displacement profile of D. The first one is used to wait for the fixture B to accomplish the cutting task. The insertion is then performed during the second dwell duration. Figure 6 clearly shows that a high impulse force is induced by the collision of those two fixtures. Furthermore, the magnitude of the impact force grows when the operation speed increases. Immediately after that, a flat region indicates the clamping force exerted by the fixture system. However, it is interesting to note that the range of the clamping force reduces when the operation speed is doubled. Explanation of this effect will be provided in the next section. The first pulse of the curve for the cam D implies the force variation caused by the contact between the fixture D and the cutter. Figure 5 also indicates that the maximum displacement of the fixtures B grows while the working speed increases. In the meanwhile, the fixture D's position reduces. In other words, the clamped position is deviated and failure of pin assembly may result. This phenomenon can also be demonstrated with the assistance of Figure 7 . It was found that large friction exists between the moving parts of the fixture and the corresponding guide. During the climbing stage, both the fixture B and the lever B have the same tendency of deformation indicated at the position (1). However, when the cam reaches the dwell phase, the lever will be back to the position (3) instead of the original location (4) due to the effect of friction. As a result, a position deviation occurs. For higher operation speed, greater inertia force is capable of overcoming the friction and smaller position deviation will be caused. The fixture B then tends to move toward the fixture D. Consequently, inaccurate insertion position may result. The above description also gives the reason why the exerted force on the fixture B reduces at the clamping stage for high operation speed. Since limited lever's deformation happens for high speed, the force applied to the fixture becomes smaller.
The contact oscillation during the clamping stage also influences the assembly performance of the pin assemble system. Apparently, higher operation speed is always accompanied by more significant vibration. Based on the measurements shown in Figure 5 , the oscillation amplitude of the fixture D is about 0.2 mm for 180 rpm operation speed, which is already greater than the width of the pin, 0.15 mm. So the result of pin dropping is highly expected for that working speed.
Frequency Analysis
Frequency analysis was conducted to acquire the system's dynamic behavior in terms of the frequency via a spectrum analyzer and the technique of system identification. The spectrum analyzer directly reflects actual frequency characteristics of the pin assembly system. However, the results of system identification provide mathematical models of the system, which can be applied for further design modification and performance analysis. Because of complexity of the dynamic behavior of the cam-driven pin assembly system, the task of frequency analysis was performed piecewise. The displacement profiles of the fixtures B and D are divided into three and four sections, respectively, as illustrated in Figure 8 . The first and the third sections of the fixture B and the first and the fourth sections of the fixture D are collision-free and can be approximated by linear responses. Furthermore, both inputs and outputs for these regions are measurable. Based on actual experiment measurements, Figures 9 and 10 present the Bode plots for the fixture B at sections 1 and 3 and the fixture D at sections 1 and 4 for two different operation speeds.
From those figures, the natural frequency apparently increases for high operation speeds. This phenomenon of variable natural frequency should not happen in linear systems. Therefore, a reasonable judgment for this observation would be existence of unmodeled nonlinearity. Through extensive modelling and comparisons between simulations and experimental results, the major nonlinear effect was found to be the backlash occurring at the U-type guide on the lever B. In other words, the U-type guide can be modelled as shown in Figure 11 . A brief exploration regarding varying natural frequency with respect to the backlash will be given in the following paragraphs.
Assume the total deflection Δ is the sum of the linear deformation Δ caused by elasticity of mechanical components and an error Δ because of unknown nonlinear attributes; that is,
The nonlinear error Δ due to backlash is reasonably assumed to be a positive constant and independent of the speed. Therefore, regardless of the nonlinear effect, the linear dynamic equations for low and high operation speeds can be established as
where denotes the system stiffness, which is a fixed constant, and the subscripts of and individually represent physical variables at low and high speeds. But when a backlash nonlinearity exists, the above expressions become
where and are identified stiffness for high and low speeds, respectively, using linear system identification techniques. Subtracting (3) from (4) and incorporating (2) into the above result yield
Since larger mechanical deformation occurs for higher operation speed, that is, Δ > Δ , it can be concluded that > for positive Δ . In other words, the identified stiffness constant for high speed becomes greater than that for low operation speed. The above derivation explains the phenomenon of frequency drift when linear modeling techniques are employed to the system that contains backlash nonlinear property.
In order to further explore the physics of the mechanical system and to conduct future system modification and improvement, mathematical models of the cam-driven pin assembly system need to be established first. The mechanical system appears to be too complicated to be analyzed by traditional free body diagram approach. Therefore, the technique of system identification was chosen.
Linear system identification has been a matured technique to build a mathematical model from actual input and out responses of the target system [13] [14] [15] . The ARMAX (autoregressive moving average exogenous) model was chosen to fit the first and the third sections of the fixture B and the first and the fourth sections of the fixture D. All other portions of the profiles then were identified using the ARMA technique because of difficulty in input measurement during collision stages. Orders of the resulting transfer function models were judged by the famous AIC (Akaike Information Criterion) method. Autocorrelation and cross-correlation of residuals were also examined to make sure that the selected models were independent with input signals. In addition, coherence function analysis was also conducted to verify the credibility of the resulting transfer function models. The resulting transfer functions can be expressed in the following forms:
where , , and represent the input signal, the output signal, and a random white noise, respectively. Tables 1 and 2 list the resulting polynomials ( −1 ), ( −1 ), and ( −1 ) of the identified system models for 120 rpm and 240 rpm operation speeds, respectively. Performance of system identification was examined by comparison of dynamic behavior between actual experimental data and Figures 14 and 15 . Based on the mathematical models obtained from the process of system identification, detailed system properties can be fully understood and prediction of the system responses becomes highly possible.
Conclusions
Based on the above study and analysis, the physics behind the phenomenon of pin dropping and inaccurate positioning for the cam-driven pin assembly system running with a high speed is presented. Results of frequency analysis indicate greater natural frequency and system stiffness caused by nonlinear dynamics for higher operation speed. According to measurements of experiments, the malfunctions of pin dropping and false pin's position for insertion assembly are mainly resulting by contact oscillation of moving components and deviation of the locked pin's location, respectively. It appears that the clamping force is reduced and drift of the locked pin's location is induced for higher running speed. In addition, separation of the pin assembly system induced by contact oscillation generates clearance larger than the width of the pin.
Less oscillation can be reached by the following approaches:
(1) Increase the stiffness of the pretensioned spring to suppress vibrations. It appears that some contradictions exist for the above solutions. How to gain the most benefit from the trade-off between two opposite modification strategies needs further analysis and judgment. 
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